Introduction
In process plants and infrastructures, pipe systems are utilized for carrying fluids. Individual pipes are connected with a flange joint that is composed of two metal disks and a gasket with a low elastic stiffness. In aged pipe systems, leaks occasionally occur because the contact conditions at the joint may deteriorate owing to degradation of the gasket and vibration due to fluid flow and/or cyclic thermal stress (Zadoks et al., 1997) . The contact condition may not be uniform because of the misalignment of pipes during construction. Ultrasonic techniques can potentially estimate the loss of integrity in the flange joint without disassembly. Generally, the pulse echo technique has been employed to measure the axial load in fastening bolts on the joint (N. Sayed et al., 2005) . However, the evaluated contact pressure of the gasket from the axial load and the contact area is not equal to the practical pressure distribution, owing to the elastic interaction between adjacent bolts and the misalignment of the pipe system. Another proposed method for assessing the contact condition involves the amplitude of waves reflected at the interface between a flange and gasket (Lavrentyev and Rokhlin, 1998) . However, the reflected wave's amplitude depends on other factors, such as the contact condition of an ultrasonic transducer and the flange surface. Biwa et al. (Biwa et al., 2007) reported that the contact stiffness at the interface depends on the contact pressure and is an indicator for estimating the contact condition. The contact stiffness affects both the amplitude and the waveform of the transmitted waves. Quantitative estimation of the variations in waveforms make it possible to approximate the contact condition or contact stiffness. A phase angle of the wave can express one of the features in a waveform and can be estimated with an instantaneous frequency (Pavopoulou et. al., 2013 , Wu et al., 2017 , Inoue et al., 2011a , 2016b . Cho, Yamamoto, Nishimiya and Ito, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00568] Therefore, in this study, to characterize the contact condition on a metal/gasket/metal component, the instantaneous frequency profiles for waves reflected at and transmitted through the interface between an Al alloy disk and a gasket were measured, and a numerical calculation was performed for understanding the wave propagation behavior at the interface.
2.Experimental setup

Instantaneous frequency measurements for reflection and transmission waves
Instantaneous frequency IF is the rate of phase change in the transient ultrasonic wave and is defined by the following equation.
where, (t) is phase angle of the wave of interest.
Some methods for evaluating the phase of ultrasonic have been proposed. In this study, the complex wavelet transform with modified Morlet function as a mother wavelet function was used because the wavelet transform has a high noise robustness compared to Hilbert transform (Inoue et al., 2011a (Inoue et al., , 2016b . Now, wavelet transformation of the time transient wave u(t) is showed by the following equation. Figure 1 shows an experimental setup for measuring transmitting and reflecting longitudinal waves at the interface of two Al alloy disks (A and B in Fig. 1 ) and a gasket. The disks are 150 mm in diameter and 27 mm and 14 mm thick, respectively, and have projections with a 40 mm diameter as a contact surface. A non-asbestos type gasket with a thickness of 3 mm (Product No: 6500, NIPPON VALQUA INDUSTRIES, LTD.) was sandwiched between the two Al alloy disks. The recommended tightening stress and the minimum design seating stress for the gasket are 25.5 MPa for liquid and 40 MPa for gas and 11.0 N/mm 2 . A compressional load was applied to the assembled sample with a hydraulic jack on the bottom plate, and the load was measured with a load cell on the celling plate. The Al alloy disks were guided by four supporting poles with linear bush, ensuring that the contact pressure is uniformly distributed. An ultrasonic transmitter was glued with silicon grease on the top Al alloy disk and was compressed with a spring in a housing. A one-cycle sinusoidal signal with an amplitude of 50 V was applied to the transmitter to generate longitudinal waves. The reflected waves at the interface were detected with the same transducer for transmission and waves transmitted through the sample was detected with a different transducer on the bottom Al alloy disk having the same characteristics. The center frequency of the transducers used in this study was 4 MHz. The diameter of the transmitters was 20 mm. Cho, Yamamoto, Nishimiya and Ito, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej.17-00568]
where ψ(t) is the modified Moret function. The letters of 0 and the N are the base frequency and the order expressing width of the wavelet, respectively. The symbols of -and i represent the complex conjugate and imaginary unit, respectively. The parameters a and b define the scale and shift parameters that are related to frequency and time in the mother wavelet, respectively. The amplitude of the wavelet coefficient is given by Eq. (4), which has real and imaginary parts at each time at a given frequency. When the maximum amplitude of the coefficient at t = b is found at the frequency of the parameter   b ã , the phase of the wave at t = b can be expressed by the following equations: Figure 2 shows the wave transmitted through the sample at a contact pressure of 1.65 MPa to 46.32 MPa and the corresponding instantaneous frequency profiles. The waves in Fig. 2 (a) are shifted forward and their amplitude increase monotonically, as the contact pressure increases. This time shift is caused by the compression of the gasket. The calculated IF in Fig. 2 (b) varied in the range 2-4 MHz, which is the resonance frequency of the transducer (4 MHz). The IF profiles are also shifted forward because of the same reason in the waveform shift. The maximum IF in the time of 8 to 9 s undoubtedly increased with the contact pressure. Figure 3 shows the amplitude change in the waveforms and the difference of the IF as a function of the contact pressure. The amplitude of the wave is normalized with the amplitude at the maximum contact pressure (46.32 MPa). The normalized IF was calculated by the difference between the maximum IF at each contact pressure and the Cho, Yamamoto, Nishimiya and Ito, Mechanical Engineering Journal, Vol.5, No.2 (2018) [DOI: 10.1299/mej. maximum IF at the lowest contact pressure (1.65 MPa). Both parameters increase and show similar behavior against the contact pressure. The amplitude is prone to be affected by the contact condition at the interface between the transducer and the sample surface, such as the contact pressure of the transducers and the amount and type of the coupling agent. However, the phase of the waves is immune to the amplitude of the wave and is sensitive to the shape of the waveform itself. The IF is therefore expected to be a suitable parameter for contact condition estimation. To clarify the behavior of the IF change in the transmission and reflection waves with the pressure, a onedimensional numerical calculation with a finite difference time domain (FDTD) method (Sato, 2006) was performed. Figure 5 shows the one-dimensional numerical calculation model used in this study. The model is composed of three components: Al alloy substrates, a gasket, and the interface portions. In the FDTD method, nodes for particle velocity (̇) and stress () components are alternately aligned, and the nodes at both ends are set as a particle velocity component.
The governing equations for the wave propagation, derived from Hooke's law, and the equation of motion are given by the following equations.
where dt and dx are the discretization of time and space; they are 0.5 ns and 5 m in this study. The letters of  and c are the density and longitudinal velocity of materials, respectively. For this study, the longitudinal velocities of the Al alloy and gasket are 6320 m/s and 2250 m/s, respectively, and their densities are 2.7 × 10 3 kg/m 3 and 1.6 × 10 3 kg/m 3 , respectively. The contact condition depending on the contact pressure is treated as a contact stiffness at the interfaces between the substrate and the gasket in this calculation. The contact stiffness is theoretically defined as change in the gap width along the interface induced by surface roughness on the contact surface with the contact pressure acting on the interface. At low contact pressure, the change in the gap would be large as a true contact area is small and it means low elastic stiffness. As the contact pressure increase, the gap would be smaller and the contact stiffness would be larger because the true contact area increase. In the case of the gasket with lower elastic stiffness compared to Al alloy, the deformation along the interface occurred only in the gasket with the contact and the true contact area would monotonically increase with the contact pressure. The contact would be related to the contact pressure in this study. The contact stiffness also depends on the initial surface roughness of the Al alloy disk. However, the surface roughness on the Al alloy disk does not change during cyclic loading on the interface because elastic stiffness of the gasket is very small.
In the numerical calculation in this study, the stress acting on the interfaces are calculated with a contact stiffness, which is expressed by introducing a spring condition as the boundary condition on the interfaces and is defined by the following equation (Schoenberg, 1980) = ( − ) (8) where up and um are the displacements at the incident and transmitting neighbor nodes of the interfaces, respectively, which are calculated by integration of the corresponding particle velocities over time. The letter of K is the contact stiffness and varies from 1.0 × 10 13 to 7.0 × 10 16 Pa/m in this study. The spring condition is schematically shown in Fig.  6 . The boundary condition at the interfaces are replaced by a spring component with a given stiffness. In this model, as K approaches infinity, the interface behaves as a rigid contact, and as K approaches zero, two media at both sides of the interface have no interaction. Figure 7 shows the displacements on the neighbor nodes for the contact stiffness K of 1.0 5 The black lines indicate the displacements at the Al alloy side (incident side) and the red lines indicate those at the gasket side (transmitted side). For low contact stiffness, the rise time of the displacement at the transmitted side (gasket side) is slow and the amplitude is low compared to the displacement at the incident side. A low contact stiffness allows for displacement discontinuity at the interface. Alternatively, the displacements at both sides are identical for high contact stiffness. It can be implied that the phase of the wave transmitted through the interface is delayed owing to a low contact stiffness representing a low contact pressure. The phase of the wave reflected at the interface at low stiffness did not change. Additionally, at high contact stiffness or high contact pressure, the stiffness does not affect the waveforms and the interface acts as a rigid contact; this means continuous condition for strain holds. Figures 8 (a) and (b) show the particle velocity at the opposite end of the wave incident, which is the transmitted wave for the various contact stiffness and IF profiles. The amplitude of the waves and the IF increased with the contact stiffness and showed similar behavior to the experimental results. Figure 8(c) shows the variation in the IF from the lowest contact stiffness calculated in this study. The IF rapidly increases with the contact stiffness and displays the same attributes as the experimental results shown in Fig. 3(b) in the low stiffness region. At high stiffness, the IF does not change and shows the plateau region. In the plateau region, the contact stiffness is high enough to express rigid contact. The numerical analysis revealed that the IF of the wave transmitted through the interface strongly depends on the contact stiffness. Cho, Yamamoto, Nishimiya and Ito, Mechanical Engineering Journal, Vol.5, No.2 (2018) 
Conclusions
To estimate the contact condition at the interface between a metal substrate and gasket, we measured an instantaneous frequencies of a longitudinal wave reflected at and transmitted through the Al alloy disk/gasket/Al alloy disk component under various contact pressures. Numerical calculations were performed to understand the propagation behavior at the interface by introducing contact stiffness representing contact conditions. The study results are summarized as follows.
In instantaneous frequency (IF) measurement, the IF can be determined with a continuous wavelet transform with an improved Morlet function. The IF for the transmitted waves increased with an increase in contact pressure and showed the same properties as the amplitude changed. A numerical calculation with the one-dimensional FDTD method revealed that the IF of the transmitted wave is sensitive to a contact stiffness at the interface. The measured IF would depend on the contact stiffness related to the contact pressure. The instantaneous frequency method is shown to be a suitable indicator for the estimation of the contact condition in a flange connection.
